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Mild metabolic stress is sufficient to
disturb the formation of pyramidal cell
ensembles during gamma oscillations

Shehabeldin Elzoheiry1, Andrea Lewen1, Justus Schneider1,
Martin Both1, Dimitri Hefter1,2, Juan Carlos Boffi3,
Jan-Oliver Hollnagel1,* and Oliver Kann1,4,*

Abstract

Disturbances of cognitive functions occur rapidly during acute metabolic stress. However, the underlying mechanisms

are not fully understood. Cortical gamma oscillations (30–100Hz) emerging from precise synaptic transmission between

excitatory principal neurons and inhibitory interneurons, such as fast-spiking GABAergic basket cells, are associated

with higher brain functions, like sensory perception, selective attention and memory formation. We investigated the

alterations of cholinergic gamma oscillations at the level of neuronal ensembles in the CA3 region of rat hippocampal

slice cultures. We combined electrophysiology, calcium imaging (CamKII.GCaMP6f) and mild metabolic stress that was

induced by rotenone, a lipophilic and highly selective inhibitor of complex I in the respiratory chain of mitochondria. The

detected pyramidal cell ensembles showing repetitive patterns of activity were highly sensitive to mild metabolic stress.

Whereas such synchronised multicellular activity diminished, the overall activity of individual pyramidal cells was unaf-

fected. Additionally, mild metabolic stress had no effect on the rate of action potential generation in fast-spiking neural

units. However, the partial disinhibition of slow-spiking neural units suggests that disturbances of ensemble formation

likely result from alterations in synaptic inhibition. Our study bridges disturbances on the (multi-)cellular and network

level to putative cognitive impairment on the system level.
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Introduction

The mammalian brain has an exceptionally high meta-

bolic activity. In adult humans, the brain receives 15%

of the cardiac output and consumes 20% of the utilised

oxygen, although contributing only 2% of the total

body mass.1–3 This indicates that information process-

ing requires high amounts of energy and might explain

the exceptional vulnerability of higher brain functions

to metabolic stress.4–7 Therefore, the proper function

of the brain requires adequate vascular energy

substrate and oxygen supply as well as reliable ATP

synthesis by mitochondria.1,8

Rhythmic neuronal network activity is associated

with a wide range of higher cognitive functions such

as reasoning, memory formation, and decision

making.9–11 In particular, gamma oscillations have
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received interest due to their importance for cognition
and their exquisite sensitivity to metabolic stress.12–15

Gamma oscillations represent oscillatory activity in the
frequency band of 30–100Hz.10,16 These oscillations
are known to be associated with cognitive functions
such as selective attention, memory formation and sen-
sory perception.8,17,18

Previous studies revealed a positive correlation
between the power of gamma oscillations and oxygen
metabolism.13,15 Additionally, oxygen consumption
rates were found to be higher during gamma oscilla-
tions compared to other activity states such as asyn-
chronous activity and sharp wave-ripples.13,15 In the
hippocampal CA3 region, where gamma oscillations
can be generated intrinsically, it was shown that neu-
ronal mitochondria are enriched with complex I sub-
units.14 Furthermore, it was observed that gamma
oscillations utilise the mitochondrial oxidative capacity
near limit and are very sensitive to interference with
mitochondrial function by inhibition of complex I.14

These studies indicate a selective vulnerability of
gamma oscillations to metabolic stress. However,
understanding the link between altered gamma oscilla-
tions and impaired cognitive functions during metabol-
ic stress requires further insight at the level of neuronal
ensembles.19,20

Ensembles are groups of co-active neurons with
repetitive patterns of activity.21 Network oscillations
support the formation of ensembles by defining precise
temporal windows for synchronised activity.10,16

Gamma oscillations emerge from fluctuating synaptic
potentials mediated via perisomatic inhibition by fast-
spiking interneurons.22 Fast-spiking interneurons are
believed to have a relatively high energy demand.19

We hypothesise that mild metabolic stress disturbs
the formation of neuronal ensembles, which might
also provide a correlate between disturbances at the
cellular level and cognitive dysfunctions upon brain
insults.20

Mild metabolic stress in slice preparations (in situ)
aims to mimic pathophysiological conditions, such as
acute ischemia and chronic hypoperfusion, which
might be responsible for the decline in cognitive func-
tions in cardiovascular diseases and, perhaps, aging
and Alzheimer’s disease.23–25 It also aims to mimic
pathophysiological conditions during mitochondrial
diseases.26–28

Here, we used organotypic hippocampal slice cul-
tures as a model to study the effect of mild metabolic
stress on gamma oscillations.29,30 To elicit gamma
oscillations, we used the muscarinic acetylcholine
receptor agonist carbachol, which increases the excit-
ability of CA3 pyramidal cells, modulates presynaptic
activity of parvalbumin-positive interneurons,31,32 and
reduces the activity of dentate gyrus granule cells,33

thereby likely relieving the feed-forward inhibition
in the CA3 network.22 This cholinergic model simulates
in vivo gamma oscillations and mimicks the increase in
the acetylcholine level observed during exploratory
behaviour.34 To induce mild metabolic stress, we used
rotenone which inhibits complex I of the mitochondrial
respiratory chain,35 thereby interfering with ATP syn-
thesis. We applied local field potential (LFP) record-
ings to verify network activity states,36 and calcium
imaging,37–40 to monitor a large number of pyramidal
cells at the same time, which enabled us to detect pyra-
midal cell ensembles. Furthermore, neural spike sorting
was performed to identify changes in the generation of
action potentials of fast-spiking and slow-spiking
neural units upon metabolic stress.41,42

Our results show that synchronised activity is highly
vulnerable to metabolic stress during gamma oscilla-
tions. Additionally, we found that partial disinhibition
of pyramidal cells disturbs co-activity of neuronal
ensembles. The disinhibition is most likely reflecting
functional alterations in the presynaptic compartment
of fast-spiking units. These results may shed light on
the high vulnerability of cognitive processes during
mild impairment of oxygen and substrate supply in
the brain.

Materials and methods

Animal preparation

Wistar rats were purchased from Charles-River
(Sulzfeld, Germany). Caring and sacrificing of the ani-
mals were performed according to the recommenda-
tions of the European directive (2010/63/EU) and the
authorities of Baden-Württemberg (T96/15 and T45/
18). Experiments were performed and reported in
accordance with the ARRIVE guidelines.

Organotypic slice cultures

Hippocampal slice cultures were prepared as described
earlier.14,43,44 Briefly, rats were sacrificed at the age of
seven to nine days. Under sterile conditions, a
McIlwain tissue chopper (Mickle Laboratory
Engineering Company Ltd, Guildford, UK) was used
to cut hippocampal slices (�400 mm). The slices were
then maintained on BioporeTM membranes (Millicell
standing inserts, Merck Millipore, Schwalbach,
Germany). Exchange of culture medium (1ml) was per-
formed three times per week. The culture medium is
composed of 50% minimal essential medium, 25%
Hank’s balanced salt solution (Sigma-Aldrich,
Taufkirchen, Germany), 25% horse serum (Life
Technologies, Darmstadt, Germany) and 2mM
L-glutamine (Life Technologies). Slices were kept in
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a humidified atmosphere (5% CO2, 36.5�C) in an

incubator (Heracell, Thermo Scientific, Dreieich,

Germany), and pH was maintained at 7.3. Slices with

incomplete hippocampal formation were rejected.

Solutions and drugs

Slice cultures were constantly supplied with ACSF that

contained: 129mM NaCl, 3mM KCl, 1.25mM

NaH2PO4, 1.8mM MgSO4, 1.6mM CaCl2, 21mM

NaHCO3 and 10mM glucose. A gas mixture of 95%

O2 and 5% CO2 was used to saturate the recording

solution and the pH was 7.4. For ACSF used in the

submerged chamber, the concentration of NaHCO3

was increased to 26mM (see calcium imaging below).

Salts, carbachol, and rotenone were all purchased from

Sigma-Aldrich.
Gamma oscillations were induced by constant bath

application of the muscarinic receptor agonist, carba-

chol (20 mM and 10 mM in the interface and the sub-

merged chamber, respectively).

Electrophysiology

Experiments were conducted at 9–10 days in vitro

(DIV) for recordings for spike sorting and at four to

fiveweeks DIV for calcium imaging if not otherwise

stated.
Intact BioporeTM membranes were inserted into the

interface chamber supplied with pre-warmed ACSF at

34� 1�C. Cut BioporeTM membranes (with Vannas-

Tübingen Spring scissor; 15008-08, Fine Science

Tools GmbH, Heidelberg, Germany) were inserted in

the submerged chamber for calcium imaging.

Recording solution was pre-warmed at 32� 1�C. The
flow of ACSF was 1.5–1.8ml/min in the interface

chamber and 8ml/min in the submerged chamber.

The fast flow in the submerged chamber ensures

quick delivery of applied drugs (carbachol and rote-

none) to all areas of the slice culture.14 The ambient

gas mixture in the interface chamber (95% O2 and 5%

CO2) was supplied at a flow rate of 1.5 l/min.
Glass electrodes were made from GB150F-8P boro-

silicate filaments (Science Products GmbH, Hofheim,

Germany) for LFP, and from GC120F-10 borosilicate

filaments (Clark Electromedical Instruments, Reading,

UK) for juxtacellular recording electrodes. Electrodes

(tip diameter: 3–5 mm for LFP recordings and 1.5mm
for juxtacellular recordings) were pulled using Zeitz

DMZ Puller (Zeitz-Instruments Vertriebs GmbH;

Martinsried, Germany) and filled with recording solu-

tion. Mechanical micromanipulators (MX-4, Narishige

International Ltd., London, UK) aided the positioning

of electrodes in the targeted regions for recording.

Recordings were performed using an EXT 10-2F

amplifier in EPMS-07 housing (npi electronic GmbH,

Tamm, Germany). Recordings were low-pass filtered at

3 kHz and digitised at 10 kHz (LFP recordings) and

20 kHz (juxtacellular recordings) using CED 1401

interface and Spike2 software (Cambridge Electronic

Design, Cambridge, UK) for storage of data on a com-

puter disk for offline analysis.
We performed spike sorting based on recordings

with metal electrodes made from tungsten wire (diam-

eter: 12.5 mm; California Fine Wire Company, Grover

Beach, CA, USA) in the interface chamber. Here, an

EXT-T1M amplifier was used (npi electronic GmbH).

Recordings were low-pass filtered at 3 kHz and digi-

tised at 20 kHz using CED Power3 1401 interface

(Cambridge Electronic Design).

Calcium imaging

Slice cultures were infected with adeno-associated virus

(AAV) obtained from Penn Vector Core (Philadelphia,

PA, USA) encoding GCaMP6f under the control of the

CaMKII promoter (AAV5.CamKII.GCaMPf.WPRE.

SV40, Lot # V5391MI-S). AAV transduction was

achieved under sterile conditions by applying 0.8ml of
the viral particles solution (qTiter: 1.55e13 GC/ml) on

top of the slices.
Imaging of the hippocampal CA3 region (with 20�

magnification) was performed three to fourweeks after

viral infection, if not otherwise stated. Slices were

maintained in the submerged chamber of Olympus

BX51WI microscope (Olympus, Hamburg, Germany).

GCaMP6f was excited at 485� 10 nm. Fluorescence

images (emission at 521� 10 nm) were recorded at

4Hz using a CCD camera (ORCA-ER; Hamamatsu

Photonics, Hamamatsu City, Japan).
Before transferring slice cultures to the submerged

chamber (10 mM carbachol) for imaging, persistent

gamma oscillations were induced in the interface cham-

ber (20 mM carbachol). Imaging was performed for

5min during baseline gamma oscillations. Rotenone

(0.1 mM) was then applied and after �5min imaging

was resumed for additional 5min during the mild met-

abolic stress condition.

Ensembles detection

Regions of interest (ROIs) representing the soma of

pyramidal cells were drawn manually by the experi-

menter for each imaging session using Fiji.45 The

same ROIs enabled later identification of cells partici-

pating in synchronised activity and ensemble forma-

tion. A custom-made algorithm (Matlab 2018 b,

MathWorks, Natick, MA, USA) was used to calculate

the average fluorescence within ROIs after discarding

cross-talk contamination (Supplementary Figure 3).
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For determination of the background, a standard
deviation projection was calculated, the darkest
5% was considered as background and subtracted
from the average fluorescence. For visualisation of
events (Figure 2(a) and (b)), F/Fo was calculated by
relating the fluorescence values (F) to the baseline
fluorescence (Fo).

For a true signal to be detected (Supplementary
Figure 3(a)), two conditions have to be satisfied.
First, traces from all pixels within the relevant ROI
should show higher values (at least 95% of the pixels)
than the baseline fit of the traces. This indicates that the
whole ROI is fluorescing which occurs if a cell is active.
However, out of focus background can increase pixel
values in the ROI as well, leading to false positive
signal. Therefore, the second condition is that the aver-
age pixel values from the surrounding region (border of
the ROI) are lower than the values of pixels within the
ROI (less than the lowest 5%).

On the contrary, when contamination of the com-
plete ROI occurs (Supplementary Figure 3(b)), transi-
ents from the surrounding region are high enough
relative to the values of pixels within the ROI (higher
than the lowest 5%), thereby, violating the second con-
dition described above. In this case, the difference
between activity outside and within the ROI during
the events was linearly interpolated between the begin-
ning and end of the relevant event. In the case of partial
overlap contamination (Supplementary Figure 3(c)),
violation of the first condition occurs, in which only a
portion of pixels show elevated transients. These pixels
are clustered using K-means and their fluorescent tran-
sients are discarded from calculating the final average
fluorescent signal.

For detection of synchronised activity, fluorescence
transients were smoothed by sliding average window of
1 s. The pre-processed calcium traces were analysed as
described before.46 Fluorescence values (F) of each cell
were normalised to their maximum F value across all
frames. This yielded values between 0 and 1. As a next
step, we identified time points, in which the ensemble
activity was above chance. To this end, we first deter-
mined a threshold based on randomly shuffled data. F
values for each cell were shifted randomly in time in a
circular fashion (while maintaining individual cells
activity), and the average network activity of each
frame was measured. This step was repeated 10,000
times yielding a distribution of average network activ-
ities, which reflects randomised activity. From this dis-
tribution, we defined the 99th percentile as the
threshold for ‘above chance activity’, which is referred
to as synchronised activity in the text. Each frame with
such synchronised activity is then described by an
n-dimensional vector (population vector) containing
the normalised F values, where n is the total number

of cells. To identify recurring synchronised activity, we
determined which of those frames showed similar pat-
terns. To do this, we calculated a similarity matrix for
all possible frame pairs. Similarity indices were calcu-
lated as the cosine of the angle between the two frame
vectors. This yielded values between 0 and 1, where 1
corresponds to perfect similarity. The more similar the
set of active cells in the compared events, the higher is
the similarity index. Again a threshold for similarity
was determined to identify stably recurring synchron-
ised activity over random co-activity. As described
above, the threshold was set to the 99th percentile of
the similarity distribution of randomised population
vectors (shifted randomly 10,000 times).

Afterwards, calcium transients were translated to
binary output, in which recruited cells at the time
points of synchronised activity were translated to log-
ical ones (Figure 3(a)). The output is population vec-
tors in binary code. These vectors were then
categorised by principal component analysis,47 fol-
lowed by clustering using Fuzzy C-means and Dunn’s
index into ensembles of pyramidal cells (Figure 3(b)).48

Data analysis

Analysis of the electrophysiological signals was accom-
plished off-line using Spike2 and Matlab. To extract
gamma oscillations for further analysis, LFP signals
of 5min were subdivided into segments of 30 s and
band-pass filtered (fast Fourier transform, FFT, pass-
band frequency: 5–200Hz, 8th order).15,49 For quanti-
fication of the gamma oscillations, the filtered traces
were processed with Welch’s algorithm and a fast
Fourier transformation (FFT size: 8192) yielding the
power spectral density plots used for calculation of
characteristic features of gamma oscillations. Gamma
oscillations were analysed for peak frequencies, peak
power, full width at half-maximum (FWHM) and
area under the curve (AuC) of power spectra using
custom-made Matlab algorithms. FWHM reflects the
synchrony of activated synapses. Spike sorting was per-
formed using Wave_Clus.42 First, signals were band-
pass filtered (300–3000Hz), then features of spikes
were extracted using wavelet coefficients, followed by
clustering of units. Parameters used for analysis are
provided in Supplementary Table 1. We categorised
sorted units according to their firing rates during base-
line gamma oscillations. Based on our juxtacellular
recordings and previous studies,50,51 we set a threshold
of 10Hz for fast-spiking neural units (FSUs), and of
5Hz for slow-spiking neural units (SSUs).

Data are collected from ‘n’ number of slices pre-
pared from ‘N’ number of preparations, unless other-
wise stated. Data are summarised by their median� the
interquartile range (IQR¼ 75% percentile – 25%
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percentile), error bars indicate minimal and maximal
values. Figures were generated using CorelDRAW X7
(Corel Corporation, Ottawa, Canada).

Statistical evaluation

Statistical analysis was performed using Prism 6
(GraphPad Software Inc., La Jolla, CA, USA).
Shapiro–Wilk test was used to test for normality in
the data distribution. Comparisons among paired
data were made with paired t-test if normally distrib-
uted, otherwise Wilcoxon signed-rank test.
Comparisons among unpaired data were made with
unpaired t-test if normally distributed, otherwise
Mann–Whitney test. To test for correlations, the cor-
relation coefficient r and p-value were computed using
the Pearson correlation. p-values less than 0.05 (indi-
cated by asterisks) were considered to indicate a signif-
icant difference between compared groups. To test the
difference between the cumulative distribution func-
tions, we used two-sample Kolmogorov–Smirnov test.
One-way ANOVA was applied with Holm-Sidak’s
multiple comparisons test for more than two groups.

Results

Mild metabolic stress attenuates gamma oscillations

We conducted LFP recordings in rat hippocampal slice
cultures under submerged recording conditions. Bath-
application of the cholinergic agonist carbachol reliably
elicited gamma oscillations in the CA3 region (Figure 1
(a) and (b) and Supplementary Figure 1). Mild metabol-
ic stress was induced by partial inhibition of mitochon-
drial ATP production. Compared to our previous
study,14 we used a lower concentration of rotenone.

Gamma oscillations were attenuated but not inter-
rupted by rotenone. This was visible from the contin-
uous decay, but there was clear persistence of gamma
oscillations during rotenone application
(Supplementary Figure 2). Quantitative analysis
revealed a significant reduction in power and AuC
derived from the power spectrograms by about 70%
and 68%, respectively. In line with the persistence of
the oscillation pattern, there were no significant
changes in the frequency (f) or FWHM (Figure 1(c)
to (f)). Since the reduction of power was less than
one magnitude, we consider the induced level of meta-
bolic stress as mild. We note that there was no patho-
logical activity, such as spreading depolarization or
epileptiform discharges, detected upon rotenone appli-
cation (Figure 1(a) and (b)).

Our data show that a low concentration of rotenone
causes mild metabolic stress, which attenuates gamma
oscillations at the network level. To determine the

effects at the cellular level, we performed calcium imag-
ing simultaneously with LFP recordings during gamma
oscillations at baseline and during rotenone-induced
metabolic stress.
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Figure 1. Gamma oscillations challenged by mild metabolic
stress using rotenone. Local field potentials were recorded in
submerged condition. (a) Sample traces of cholinergically induced
gamma oscillations (blue, top left) and during additional applica-
tion of rotenone (0.1 mM, red, top right). Red arrows indicate
time points in (b) at higher temporal resolution. Corresponding
wavelet transformations (bottom) showing the power of fre-
quency domains over time. Heat-scale colours encode for power
in arbitrary units (a.u.). Note that wavelet transformations during
rotenone application are normalised to transformations during
baseline. Gamma oscillations were analysed for different param-
eters for the shown duration of baseline (Base) and rotenone
(Rot) application in (a). n/N slices/preparations: 8/3. (c) Peak
frequency (f), Wilcoxon matched-pairs signed-rank test. (d) Full
width at half-maximum (FWHM), paired t-test. (e) Peak of power
spectral density (Power), Wilcoxon matched-pairs signed-rank
test. (f) Area under the curve (AuC), Wilcoxon matched-pairs
signed-rank test. *p< 0.05. Data are summarised by their
median� the interquartile range (IQR¼ 75% percentile – 25%
percentile), error bars indicate minimal and maximal values.
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Detection of synchronised activity during gamma
oscillations

In order to identify ensembles, we used GCaMP6f
driven by the CaMKII promoter to monitor the activ-
ity of multiple pyramidal cells. Calcium transients
reflect action potentials as shown by juxtacellular
recordings (Figure 2(a) and (b)). Large and small cal-
cium transients reflect trains and single action poten-
tials, respectively. The detected average firing rate of
pyramidal cells (2.18� 0.96Hz; mean�SD, n¼ 17 cells
from 17 slices from 5 preparations) is similar to previ-
ously reported ranges during gamma oscillations.22,51

To reduce cross-talk contamination resulting from
overlapping somata occurring particularly in epifluor-
escence calcium imaging, we developed an algorithm
that resamples the pixels used for re-constructing
calcium transients (see Materials and methods and
Supplementary Figure 3). The refined calcium transi-
ents were further analysed for detecting events of
synchronised multicellular activity based on a previous-
ly described method.46 These events indicate periods
when pyramidal cells are co-active. The beginning of
each event is marked with a black dot in Figure 2(c).
The spatial distribution of a group of co-active cells
(dashed rectangle in Figure 2(c)) is shown in Figure 2
(d). Although they are widely distributed (rather than
overlapping), their activity appears to be highly
synchronised (Figure 2(e), ‘Base’). Note that the calci-
um imaging experiments reported in Figure 2(c) and (h)
correspond to the LFP recordings in Figure 1.

Figure 2(f) shows the similarity between events of
synchronised activity (black dots in Figure 2(c)). The
similarity is based on comparing the set of contributing
cells to these events. The brighter the heat-scale colour
for any pair of compared events, the more similar is the
set of pyramidal cells active during these events. These
data show that repetitive patterns of synchronised
activity (Figure 2(f)) can be reliably detected during
gamma oscillations (Figure 2(e), left).

Mild metabolic stress disturbs synchrony but not the
overall activity of pyramidal cells

Mild metabolic stress was sufficient to disturb the
synchronised activity (Figure 2(e), right). We observed
that the percentage of cells recruited into synchronised
activity decreased by about 37% upon mild metabolic
stress (Figure 2(g)). Moreover, the summed duration of
all events spent in synchronised activity as a percentage
of the recording period was significantly reduced by
about 9% as well (Figure 2(h)). However, the overall
activity of all pyramidal cells (quantified as AuC of
calcium transients) showed no changes between both
conditions (Figure 2(i)).

These findings demonstrate that recruiting groups of
cells into synchronised patterns of activity is metabol-
ically more sensitive than maintaining the overall
activity.

Pyramidal cell ensembles are present during gamma
oscillations

The above data revealed the effects of metabolic stress
at the cellular level. We further aimed to investigate the
effects at the level of neuronal ensembles. Thus, we
grouped the contributing pyramidal cells from different
events into ensembles. We first translated calcium tran-
sients into a binary output,48 i.e. calcium transients of
active cells during synchronised events are represented
by logical ‘ones’. The output of this operation is a set of
population vectors (red arrows in Figure 3(a)), which
were then categorised into ensembles (Figure 3(b)
to (d)) by principal component analysis,47 followed
by clustering.48

We observed that most of the detected cells are
recruited into ensembles. We also investigated whether
there is a difference in the number of cells participating
only in a single or multiple ensembles. The lack of any
significant difference (Figure 3(e)) indicates that a fixed
portion (�50%) of the detected cells is recruited in
ensemble formation. The number of detected ensem-
bles ranged from one to three per slice (Figure 3(f)).
A total of 17 ensembles from all slices showed an aver-
age of 58.5� 34.2 constituent cells (mean�SD, n¼ 8
slices from 3 preparations). To determine whether slices
with a low number of active cells hindered ensembles
detection, we calculated correlations between
the number of cells, events and detected ensembles
(Figure 3(f) to (h)). The absence of any correlation
suggests that the number of detected cells and events
reflects the intrinsic activity underlying gamma oscilla-
tions and did not hinder the detection of ensembles.

These findings reveal the existence of pyramidal cell
ensembles, which are reproducibly activated during
gamma oscillations.

Ensembles are disturbed and pyramidal cells are
partially disinhibited during mild metabolic stress

We examined how individual pyramidal cells (recruited
in ensembles) behave upon mild metabolic stress com-
pared to their activity during baseline gamma oscilla-
tions. In the example shown in Figure 3, we observed
an increase in the activity of pyramidal cells (Figure 3
(i)). We next normalised the activity of individual cells
(during baseline and metabolic stress) to the average
activity of their corresponding ensemble during base-
line. This was performed for all cells from all slices. For
better visualisation, the normalised activity of cells was
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acquisition time during baseline gamma oscillations (5min). Note that the highlighted cells elicit synchronised activity (in (e), left). str.
oriens, Stratum oriens; str. pyr., Stratum pyramidale; str. rad., Stratum radiatum. (e) Highlighted cells in (c–d) show synchronised
activity during baseline gamma oscillations (blue, left) while in the presence of rotenone activity shifts to a less synchronised pattern
(red, right). (f) Similarity matrix for events of synchronised activity (marked with black dots in (c)). Note the bright blue spots far from
the diagonal. The brighter, the more similar the set of active cells in compared events. This indicates that these set of cells are
repetitively active. Synchronised and overall activity were analysed for different parameters. For cells/slices/preparations: 713/8/3. (g)
Percentage of recruited cells during synchronised activity. (h) Percentage of the summed duration of the synchronised activity. (i) Area
under the curve (AuC) for calcium fluorescence, reflecting the overall activity of pyramidal cells. (g–i) paired t-test, *p< 0.05. Data are
summarised by their median � the interquartile range (IQR¼ 75% percentile – 25% percentile), error bars indicate minimal and
maximal values.
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(a)

(c) (e)

(i)

(j)

(k)

(f) (g) (h)

(b) (d)

Figure 3. Clustering events of synchronised activity to identify neuronal ensembles. (a) Transferring calcium fluorescence transients
into binary population vectors (red arrows). (b) Principal component analysis applied to categorise vectors in the first three principal
components, followed by Fuzzy C-means clustering with the aid of Dunn’s index (black crosses; the centre of clusters). (c) Traces of
calcium fluorescence for all detected cells in one slice with colour-coded events according to the ensembles clustered in (b). (d) Spatial
map of cells belonging to the two identified ensembles corresponding to the shown example. Data were analysed for different
parameters. n/N slices/preparations: 8/3. Grey circles represent cells not recruited into the presented ensemble. str. oriens, Stratum
oriens; str. pyr., Stratum pyramidale; str. rad., Stratum radiatum. (e) Difference between cells recruited in only one ensemble or
multiple ensembles or none. One-way ANOVA with Holm-Sidak’s multiple comparisons test, *p< 0.05. (f–h) Correlations between
numbers of identified cells, events and ensembles. No significant correlation is observed. (i) Spatial map (similar to (d)) showing fold
change in AuC of cells’ activity during mild metabolic stress in relation to their individual activity during baseline gamma oscillations.
(j) Activity of each cell is normalised to the average activity of their corresponding ensemble, followed by sorting according to baseline
gamma oscillation (top left) or mild metabolic stress (bottom right). (k) Histogram of cells’ sorted activity (analogous to top left and
bottom right in (j)). Note the multimodal distribution (right), and the shift of pyramidal cells to be more active upon mild stress, two-
sample Kolmogorov–Smirnov test (D¼ 0.226, p< 0.05). Data are summarised by their median � the interquartile range (IQR¼ 75%
percentile – 25% percentile), error bars indicate minimal and maximal values.
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sorted for both conditions (Figure 3(j)). The corre-
sponding distributions are shown in Figure 3(k).
During metabolic stress, a shift towards increased
activity is observed (Figure 3(k), right).

Although the overall activity of all cells showed no
significant difference (Figure 2(i)), we observed an
increase of pyramidal cell activity at the ensemble
level during mild metabolic stress. Our findings show
that the formation of ensembles is disturbed, probably
by partial disinhibition of pyramidal cells.

Mild metabolic stress primarily leads to disinhibition
of slow-spiking units

To further elucidate the underlying mechanism, we
studied the changes in the firing patterns of slow- and
fast-spiking neural units (SSUs, FSUs) in response to
metabolic stress. Recordings were done in an interface
chamber under conditions comparable to the induced
mild metabolic stress under submerged conditions
(Figure 1). Similar to our previous data, the power of
gamma oscillations and the AuC were significantly
reduced by about 51% and 43%, respectively, whereas
frequency and FWHM were unchanged (Figure 4).
Neuronal spikes were recorded with tungsten-electrodes
and then sortedwith an algorithmbasedonwavelet trans-
formations of high-pass filtered spikes (Figure 5(a)).42

We were able to distinguish between different units
and determined their firing rates (Figure 5(b) and (c)).
Based on this data, we categorised neural units into
FSUs (>10Hz) and SSUs (<5Hz). While FSUs main-
tained their firing rate (Figure 5(d)), SSUs increased
their firing rate by about 137% during mild metabolic
stress (Figure 5(e)). These findings further support our
previous observation that pyramidal cells, which are
likely represented by the SSUs, are partially disinhib-
ited upon mild metabolic stress.

Discussion

Organotypic hippocampal slice cultures as a model
for studying neuronal ensembles

Gamma oscillations can be induced in situ by different
pharmacological, electrical and optogenetic
approaches.17,52 We employed the cholinergic model
of gamma oscillations, which mimics cholinergic
input from the septum to the hippocampus during
exploratory behaviour in vivo.22,34,53

Gamma oscillations in slice cultures are known to
show properties that are comparable to gamma oscil-
lations in acute slice preparations. (1) Oscillations are
mostly at �40Hz and are generated in the CA3
region.30,53 (2) The phase of gamma oscillations
shows a reversal in polarity of LFP recordings between

signals recorded from stratum pyramidale and stratum

radiatum.22,54 (3) Pyramidal cells fire at low rates in

slice cultures (Figure 2(a) and (b)) and in acute slices

during gamma oscillations.51 Additionally, comparable

developmental properties to the hippocampus in vivo

are observed. This includes the maturation of inter-

neurons and the expression of parvalbumin.55,56

However, the inclusion of ventral and dorsal
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Figure 4. Mild metabolic stress of gamma oscillations in inter-
face condition. (a) Sample trace of LFP recording in interface
chamber during baseline gamma oscillations (first 10min) and
additional application of 0.5 mM rotenone. Red arrows indicate
time points in (b) at higher temporal resolution. Corresponding
wavelet transformation (bottom) showing the power of fre-
quency domains over time. Heat-scale colours encode for power
in arbitrary units (a.u.). Note that wavelet transformations during
rotenone application are normalised to transformations during
baseline. Gamma oscillations were analysed for different param-
eters for the last 5min in each phase (baseline and rotenone
application), n/N slices/preparations: 34/6. (c) Peak frequency (f).
(d) Full width at half-maximum (FWHM). (e) Peak of power
spectral density (Power). (f) Area under the curve (AuC). (c–f)
Wilcoxon matched-pairs signed-rank test. *p< 0.05. Data are
summarised by their median� the interquartile range
(IQR¼ 75% percentile – 25% percentile), error bars indicate
minimal and maximal values.
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hippocampal tissue, the long-term maintenance of slice
cultures as well as the induction of only mild metabolic
stress in the experiments likely contributed the large
variability in some of our readouts. Further in situ
and in vivo studies are required to substantiate the
functional relevance of our data.

For our study, slice cultures are superior to acute
slices, since damaged surface layers are removed
during the culture period,57 thereby offering clearer
morphology for live-cell imaging. Their capability of
expressing gamma oscillations after more than four
weeks,30 provided a sufficient period for the expression
of GCaMP6f.37,40 It should be taken into account that
in vitro and in situ models generally differ from in vivo
conditions. However, slice cultures used in this study
are maintained on BioporeTM membranes in the incu-
bator under near physiological conditions, in which the
glucose concentration is about 4mM,30 and the partial
oxygen pressure in the core of the slice is about
60mmHg.58 Additionally, the presence of ramified
microglia (tissue-resident brain macrophages), the min-
imal release of pro-inflammatory cytokines as well as

the absence of a glial scar indicate excellent tissue pres-
ervation.49 However, increased glucose and oxygen
supply during the recordings is necessary for maintain-
ing energy-demanding gamma oscillations, especially in
submerged conditions.12,14

Detection of pyramidal cell ensembles during
gamma oscillations

The stability of gamma oscillations in the submerged
condition for at least 25min (Supplementary Figure 1)
provided a sufficient period for robust analysis of base-
line recording and the induction of metabolic stress
(Supplementary Figure 1). Despite the low temporal
resolution of calcium imaging, the high spatial resolu-
tion enabled the monitoring of a large pyramidal cell
population at the same time thus permitting the detec-
tion of pyramidal cell ensembles.21,38,39,46

We developed an algorithm (Supplementary
Figure 3) for reducing cross-talk contamination
among different regions of interest (ROIs). Pixels
reporting contaminated signals are detected and further
discarded from constructing calcium fluorescence tran-
sients. We applied previously described methods46 for
detection of synchronised activity that reflects periods
when pyramidal cells are co-active (Figure 2(c)).
Subsequently, co-active pyramidal cells were grouped
into ensembles.48 In this study, we define an ensemble
as a group of co-active neurons with a repetitive pat-
tern of activity.

The detected ensembles showed repetitive patterns
of active cells during gamma oscillations. A closer anal-
ysis revealed that the difference in the number of
detected cells in different slices did not affect the final
number of identified ensembles (Figure 3(f) to (h)).
Besides, we found no difference between the numbers
of cells recruited in one or multiple ensembles, indicat-
ing that at any time point a fixed portion of pyramidal
cells is recruited in ensembles formation (Figure 3(e)).

Ensembles are disturbed and pyramidal cells are
partially disinhibited upon mild stress

In this study, we applied mild metabolic stress using
low concentrations of rotenone (0.1mM and 0.5 mM
in submerged and interface recording chambers,
respectively). Rotenone is a highly selective complex I
inhibitor, and its lipophilic nature enables penetration
of cells and rapid interference with mitochondrial func-
tion and production of ATP.35,44,59 The resulting
reduction of neuronal activity can be observed within
a few minutes.14,43 We consider the metabolic stress to
be mild since the observed reduction of power is only
about one magnitude and the gamma-band frequency
oscillations are still preserved (Figures 1 and 4).
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and bottom respectively), highlighting gamma oscillations and
units firing. (b) Sample of a fast-spiking unit, mean� SD. (c) Inter-
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summarised by their median� the interquartile range
(IQR¼ 75% percentile – 25% percentile), error bars indicate
minimal and maximal values.
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A stronger stress level13,14 would have hindered to
reveal the most vulnerable neuronal population by sup-
pressing the whole network.

We quantified the changes in the synchrony of the
network during baseline gamma oscillations and upon
metabolic stress. In all slices, we observed a significant
reduction in the number of cells that participated in
synchronised activity (Figure 2(g)). In addition, the
total time spent in synchronised activity was signifi-
cantly reduced (Figure 2(h)). Although there was only
little reduction (by about 9%), the effect was present in
seven out of eight slices. Taking into account, that the
time pyramidal cells spent in synchronised activity was
rather low already during baseline gamma oscillations,
a further reduction by 9% was sufficient to disturb
ensemble formation. Both measures reflect the disor-
ganised activity of pyramidal cells during mild meta-
bolic stress.

We further quantified the overall activity of pyrami-
dal cells by measuring the AuC of calcium transients
for all cells (Figure 2(i)). Interestingly, we found
no significant changes during metabolic stress. This
widely excludes that the reduction in the synchronised
activity is caused by a reduction in the activity of the
cells. On the contrary, it indicates that mild metabolic
stress is not sufficient to reduce the activity of pyrami-
dal cells. Additionally, these findings might indicate
that eliciting synchronised activity is metabolically
more sensitive than maintaining the overall activity.

Following the grouping of cells into ensembles, we
normalised the activity of individual cells (during base-
line and metabolic stress) to the average activity of
their corresponding ensemble during baseline. We
observed that some pyramidal cells show an increase
in their activity during mild metabolic stress, which
is reflected by the shift towards higher excitability
(Figure 3(k)). These findings indicate that pyramidal
cells, which are recruited into ensembles, are partially
disinhibited during mild metabolic stress.

Pyramidal cells are believed to compute, store and
retrieve information during higher brain functions.22,60

Precise spatial and temporal matrices are necessary for
these cells to elicit synchronised activity patterns. It is
known that inhibitory interneurons, especially fast-
spiking interneurons, play a key role in controlling
and synchronising the activity of pyramidal cells
during gamma oscillations.22,61–63 Several of their fea-
tures indicate a high energy demand.19 These include
(1) their fast-spiking behaviour;64 (2) equipment with
mitochondria of large size and number;65 (3) enrich-
ment of the mitochondria with complex IV and cyto-
chrome c, which are necessary for the electron
transport chain;66 (4) innervation of large number
(�2000) of pyramidal cells with their massive axonal
arborisation.67

Our study shows that (1) synchronised activity of
pyramidal cells is more vulnerable than the overall
activity and (2), at the ensemble level, pyramidal cells
are partially disinhibited during mild metabolic stress.
Considering the presumed high energy demand of
fast-spiking interneurons,19 and our new findings, we
conclude that the observed effects likely result from
alterations in the function of fast-spiking interneurons.
Therefore, mild metabolic stress might disturb inter-
neuron function prior to pyramidal cell function. Our
conclusion supports the concept that interneurons are
exquisitely vulnerable to metabolic stress during fast
brain oscillations.19

A mechanism for the alteration of gamma
oscillations

Fast-spiking interneurons generate action potentials
during gamma oscillations almost phase-locked to
each cycle.62,68 Therefore, the fast release of GABA
leads to rhythmic inhibition in a large population of
pyramidal cells. Synchronised inhibitory postsynaptic
potentials in stratum pyramidale rather than
excitatory postsynaptic potentials or action potentials
shape gamma oscillations in LFP recordings.63,69–73

Therefore, the reduction in power of gamma oscilla-
tions during metabolic stress might result from a failure
in maintaining firing rates and/or a disturbance in the
presynaptic terminal. The differences in the reduction
of power in slices recorded in the interface chamber
(Figure 4(e)) and in slices recorded in the submerged
chamber (Figure 5(e)) probably resulted from differen-
ces in flow speed and exchange dynamics of the record-
ing solution.

It was predicted that the energy demand for
action potential generation and postsynaptic ion
fluxes is higher than for processes at the presynaptic
terminal.74–77 On the other hand, it was shown that
energy demands for presynaptic processes like Ca2þ

removal, transmitter release, and uptake as well as
vesicles turnover require more energy than previously
expected.78

In fast-spiking interneurons, such as parvalbumin-
positive GABAergic basket cells, the presynaptic termi-
nal is well equipped to maintain fast and precise
transmitter release. The terminals contain mainly
P/Q-type Ca2þ channels,79–82 which are known for
their fast gating in comparison to other Ca2þ chan-
nels.83 Additionally, Ca2þ channels are tightly coupled
to release sensors at the presynaptic terminal.79,84,85

Furthermore, fast and precise firing is energetically
demanding and the presynaptic terminals appear to
have adapted for such function. Their terminals are
enriched with more and larger mitochondria.65 The
mitochondrial ultrastructure has adapted as well for

Elzoheiry et al. 2411



the fast-spiking function, as indicated by their high

amounts of cytochrome c.65,66 Additionally, mitochon-

dria in highly active synapses were found to have

higher crista membrane density and lamellarity.86

Overall, this indicates that slight disturbances in

energy supply (e.g. during mild metabolic stress) are

sufficient to disturb the function of fast-spiking inter-

neurons, likely starting with alterations in the presyn-

aptic terminal, which needs to be explored in detail in

future studies.
We show that the activity of neural SSUs is

increased during mild metabolic stress (Figure 5(e)).

SSUs appear to be disinhibited, most likely because

of lacking inhibition from interneurons being highly

vulnerable to metabolic stress. Interestingly, firing

rates of FSUs were not affected although the power

of gamma oscillations was significantly reduced.

Therefore, these findings might indicate that the loss

of gamma oscillations begins with failures occurring

at the presynaptic terminal of fast-spiking interneurons

before changes in firing rates appear. Previous studies

also showed that presynaptic function can be severely

disrupted upon minimal interference with ATP

synthesis.76,87

Conclusion

Gamma oscillations represent a functional brain

rhythm involved in higher cognitive functions.8,17,18,88

Inducing mild metabolic stress in slice preparations

aims to mimic alterations in oxygen and energy sub-

strate supply that also associate with the decline (rather

than loss) in cognitive functions in vivo. These distur-

bances occur in cardiovascular diseases and, perhaps,

aging and Alzheimer’s disease.23–25,89 They occur as

well in mitochondrial diseases associated with impaired

mitochondrial function and oxidative stress.26–28

In summary, the vulnerability of synchronised activ-

ity, the disturbance of pyramidal cell ensembles and the

observed disinhibition of neural SSUs indicate the

involvement of fast-spiking units. We interpret these

findings as an indirect evidence for the high vulnerabil-

ity of certain inhibitory cells. Additionally, we consider

the presynaptic terminal as the ‘Achilles heel’ during

mild metabolic stress, which supports the ‘interneuron

energy hypothesis’.19 Furthermore, the findings pro-

vide a putative link between disturbances at the cellular

level and cognitive dysfunction upon metabolic brain

insults such as ischemia.90 Further studies at the sub-

cellular level might provide deeper insights into the

mechanisms that underlie the breakdown of ensemble

formation during metabolic stress evident from our

multicellular investigation.
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